Collateral-dependent blood flow is capable of significantly lessening the severity of stroke. Unfortunately, collateral flow varies widely in patients for reasons that remain unclear. Studies in mice have shown that the number and diameter of cerebral collaterals vary widely due primarily to polymorphisms in genes, e.g., Rabep2, involved in their formation during development. However, understanding how variation in collateral abundance affects stroke progression has been hampered by lack of a method to reversibly ligate the distal middle cerebral artery (MCAO) in mice. Here we present a method and examine infarct volume 24 h after transient (tMCAO, 90 min) versus permanent occlusion (pMCAO) in mice with good versus poor collaterals. Wildtype C57BL/6 mice (have abundant collaterals) sustained small infarctions following tMCAO that increased 2.1fold after pMCAO, reflecting significant penumbra present at 90 min. Mutant C57BL/6 mice lacking Rabep2 (have reduced collaterals) sustained a 4-fold increase in infarct volume over WT following tMCAO and a smaller additional increase (0.4-fold) after pMCAO, reflecting reduced penumbra. Wildtype BALB/cBy (have a deficient Rabep2 variant and poor collaterals) had large infarctions following tMCAO that increased less (0.6-fold) than the above wildtype C57BL/6 mice following pMCAO. Mutant BALB/cBy mice (have deficient Rabep2 replaced with the C57BL/6 variant thus increased collaterals) sustained smaller infarctions after tMCAO. However, unlike C57BL/6 versus Rabep2 mice, penumbra was not increased since infarct volume increased only 0.3-fold following pMCAO. These findings present a murine model of tMCAO and demonstrate that neuroprotective mechanisms, in addition to collaterals, also vary with genetic background and affect the evolution of stroke. Licensee Hapres, London, United Kingdom. This is an open access article distributed under the terms and conditions of CreativeCommonsAttribution4.0InternationalLicense.
INTRODUCTION
Reversible occlusion of the middle cerebral artery (MCA) in mice is commonly used to model thrombo-embolic stroke in humans in which the obstruction reverses spontaneously or following treatment with a thrombolytic drug or removal by thrombectomy. The most widely used method consists of inserting a silicone-coated monofilament suture into the external carotid, advancing it through the internal carotid until the tip wedges in the distal M1-MCA, and then removing it after a prescribed duration of occlusion [1] [2] [3] [4] [5] . While the method has the advantages of ease of performance and not requiring craniotomy, it also has several disadvantages that can be difficult to detect and mitigate. These include risk of incomplete occlusion and variable interference in flow caused by the filament itself and its promotion of thrombus formation. Both effects can obstruct flow in the lenticulo-striate arteries that branch from the proximal M1-MCA and in the arteries of the circle of Willis and their perforators near the origin of the MCA. Thrombo-emboli can also shed into the ipsilateral MCA tree and circle of Willis, the latter of which exhibits significant variation in presence and diameter of the posterior communicating arteries [6] , during and after withdrawal of the filament. Thus, large infarctions occur that vary in size and involve both cortical and deep structures. Other methods have been developed that differ from the filament method and also allow use of a thrombolytic drug to simulate the clinical situation, e.g., local intravascular thrombin injection via burr-hole craniotomy or insertion of an exogenously generated thrombus via carotid catheter [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, these methods are more difficult to perform and spontaneous thrombolysis can occur, as can variation in druginduced thrombolysis, infarct size, and appearance of multifocal lesions. While all of the above also occur in patients, experimental designs in animal studies generally benefit from approaches that minimize variation in an endpoint(s) for a given level of treatment.
As an addition to the above models, in the present study we devised a wire-hook method for transient occlusion of the mouse M1-MCA (tMCAO) just distal to the lenticulo-striate branches at the same site that is commonly used to produce permanent cautery-induced MCA occlusion (pMCAO) and that results in infarctions confined to the neocortex [12, 13] . The method is a modification of one described previously that combined transient occlusion of both the proximal MCA at or near its origin as well as the ipsilateral common carotid [14, 15] . We then compared it with pMCAO to examine the evolution of stroke in mice with genetically-specified differences in number and diameter ("extent" or "abundance") of pial collaterals. Importantly, in the present study we could not have used a model that also occludes arteries/perforators supplying subcortical regions; use of such a model would have introduced confounding factors, given that unlike the pial artery trees that supply the neocortex, intracerebral trees lack collateral interconnections. Pial collaterals are arteriole anastomoses that cross-connect a fraction of the outermost branches of the MCA, ACA and PCA trees [16] [17] [18] . If an obstruction occurs in one of the trees, they provide retrograde perfusion that can sustain a significant ischemic penumbra and lessen the expansion of infarct core. However, the amount of collateral-dependent blood flow, as estimated by collateral score on neuroimaging, varies widely among patients even when they share the same site of occlusion, the most frequent being in the M1-MCA [1] [2] [3] [4] [18] [19] [20] [21] [22] . Of note, collateral status in patients with large vessel occlusion is an important determinant, together with location and time since occlusion, of early infarct volume, penumbra volume, response to thrombolytic and thrombectomy treatments, final infarct volume, and functional outcome [18] [19] [20] [21] [22] [23] .
While a number of hemodynamic and cell/molecular variables are anticipated to be involved in the variation in collateral flow observed in humans, investigating them is difficult, few studies are extant, and the primary contributors remain unclear. Recent animal studies have led to the suggestion that genetic differences in collateral abundance may be a major factor. Different strains of mice have been shown to exhibit a wide variation in infarct volume after permanent distal M1-MCAO that correlates closely with their large differences in collateral extent [24, 25] . The latter has been linked to several naturally occurring polymorphisms in genes/genetic elements that are involved in collateral formation during development (collaterogenesis) and thus collateral abundance in the adult [26] [27] [28] [29] . The first of these loci with the largest effect-size, the novel gene Rabep2, was recently identified in a C57BL/6 × BALB/cBy genetic mapping population [29] . Besides variation in abundance of anatomic collaterals, polymorphisms in genes and regulatory elements involved in other pathways undoubtedly also contribute to the variation in the complex mechanisms that determine early infarct core, penumbra loss and stroke progression. Chief among these are those that affect collateral lumen diameter, perfusion pressure, microvascular resistance, injury factors and neuronal/glial sensitivity to ischemia in the occluded region downstream of the collateral network, as well as those that affect reperfusion injury mechanisms if recanalization occurs.
Given the impact of stroke and emphasis on developing additional therapeutic interventions, studies are needed to disentangle the interactions between variation in anatomic collaterals with the above-mentioned factors. The recent availability of mice with targeted mutations of Rabep2 [28, 29] provides a way to begin this effort. Mutations of Rabep2 do not affect preor postnatal development and growth of the general arterial-venous vasculature, capillary density, normal or tumor angiogenesis, or any other apparent phenotype other than collateral abundance [6, 28, 29] . Therefore, the aim of this study was to compare infarct volume following transient versus permanent MCA ligation, with the difference serving as an indicator of penumbra volume [5] , in Rabep2 mutant mice with good (abundant) versus poor (sparse) collaterals present on two different genetic backgrounds.
MATERIALS AND METHODS
The following inbred strains of 3 to 7 months-old mice were studied: C57BL/6J (B6) wildtype (WT) and BALB/cByJ WT (lab colonies maintained with rejuvinators from Jackson Laboratories, Bar Harbor, ME, USA); B6 mice with targeted deletion of Rabep2 (Rabep2 −/− ); BALB/cBy mice with the Dce1 congenic allele (Determinant of collateral extent-1) containing the B6 variant of Rabep2 introgressed in place of the BALB/cBy allele (denoted Cng7 in [29] , abbreviated Cng-B6 herein). Construction of the above mutant strains, which are available from Jackson Laboratories, was described previously [29] . Body weights of the above strains, respectively (mean ± SE, n-size): 29 ± 1, 26; 28 ± 1, 21; 31 ± 1, 20; 27 ± 1, 17. All procedures were approved by the University of North Carolina's Institutional Animal Care and Use Committee and the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (IACUC# 18-123.0-A, April 2019). Approximately equal numbers of males and females were studied. We did not examine sufficient n-sizes to differentiate between sexes because a previous study found that pial collateral number and diameter did not differ with sex for the above strains [30] . Angiography was performed after perfusion-fixation at maximal dilation and filling of the pre-capillary vessels with viscosity-adjusted Microfil ® [31] . All collaterals between the ACA and MCA trees of both hemispheres were identified and their anatomic lumen diameters (maximally dilated) were measured at midpoint and averaged for each animal. Territories of the ACA, MCA and PCA trees evident on imaging of the dorsal cortex were measured as described [24] .
For permanent MCA occlusion (pMCAO) [31] , mice were anesthetized with ketamine and xylazine (100 and 10 mg/kg, ip) and rectal temperature was maintained at 37 ± 0.5 °C. The temporalis muscle between the right eye and ear was retracted along a 4 mm skin incision. The oblique edge of a 2.1 mm drill bit (19007-21, FST, Foster City, CA, USA) was used to thin an approximately 1 mm circle of bone overlying the distal M1-MCA. The thinned bone and dura matter were incised with a 27-gauge needle tip and reflected to expose the distal M1-MCA. The latter was cauterized (18010-00, FST, Foster City, CA, modified tip) just distal to the lenticulostriate branches. The incision was closed with suture (~15 min total surgery time), intramuscular cefazolin (50 mg/kg) and buprenorphine (0.1 mg/kg and again 12 h later) were administered, and the animal was monitored in a warmed cage during recovery from anesthesia to maintain rectal temperature. Transient MCAO (tMCAO) was performed as above with the following differences: After exposure of the distal M1-MCA at the same site as above, a wire-hook occluder fashioned from a suture needle (6147-21 5.0 MAXON CV11 taper, Covidien, eSutures.com) was positioned under the MCA and retracted sufficiently to block flow (~30 min total surgery time) ( Figure 1 ). Light isoflurane (<1% plus 30% oxygen in room air) was then begun, and the occluder was removed 90 min after occlusion, whereupon sustained orthograde flow was confirmed. Mice were euthanized 24 h after pMCAO or tMCAO. Brains were sliced into 1 mm coronal sections that were incubated in 1% 2,3,5-triphenyltetrazolium chloride in PBS at 37 °C. Left and right forebrain hemispheres and infarcted tissue in the right hemisphere were imaged on both sides of each slice with a stereomicroscope using ImageJ software (NIH, Bethesda, MD, USA), average areas were determined for each slice, and tissue volumes were calculated. Percent infarct volume was normalized to forebrain volume [31] .
Study design and statistical analysis were in accordance with the ARRIVE and STAIR guidelines [32, 33] : n-sizes (number of animals, see figure legends) were based on our previous studies which demonstrated sufficient power to test hypotheses for the variables measured herein; Where possible the investigators were blind to mouse strain during data analysis; Individuals (replicates) of a given strain and order of strains studied were chosen at random; No data points were identified as outliers and none was excluded; The review and discussion of the literature were unbiased; Values are reported as mean ± SEM with significance defined as p < 0.05; Unless indicated otherwise, 1-sided t-tests were prespecified according to the literature-based study-wise hypotheses that mice with greater collateral extent have larger penumbra and smaller infarct volumes following tMCAO compared to pMCAO, and that tMCAO results in larger penumbra and smaller infarct volumes compared to pMCAO for a given collateral extent.
RESULTS
Wildtype (WT) C57BL/6 (B6) mice had abundant large-diameter collaterals, as reported previously [7, [24] [25] [26] 28, 29] and confirm herein, and sustained small infarctions following tMCAO that progressed to become 105% larger after pMCAO ( Figure 2 ). This indicates a significant penumbra was present 90 min after MCAO, which is expected given their abundant collaterals. Mutant B6 mice with Rabep2 deleted (Rabep2 −/− ), which have fewer collaterals with smaller diameters [29] that we confirmed herein, had 4-fold larger infarctions following tMCAO than WT mice that increased by a smaller additional amount (43%) after pMCAO, consistent with reduced penumbra as expected given their lower collateral extent.
Wildtype BALB/cBy mice, which possess a deficient Rabep2 variant and have, compared to WT-B6 mice, a sparse number of small-diameter collaterals [7, [24] [25] [26] 28, 29] that we confirmed herein (Figure 2 ), had large infarctions following tMCAO that progressed less (62% increase) than WT-B6 following pMCAO. BALB/cBy mice whose deficient Rabep2 was replaced with the WT-B6 Rabep2 allele by congenic introgression (Cng-B6, see Methods), have increases in collateral number and diameter when compared to wildtype BALB/cBy mice [29] , findings that we confirmed herein (Figure 2 ). Cng-B6 mice sustained smaller infarctions after tMCAO compared to WT-BALB/cBy, as expected given their increased collateral abundance. However and unexpectedly, despite their more abundant collaterals-and unlike what was seen comparing WT-B6 versus Rabep2 −/− mice-infarct volume following pMCAO was only 26% greater (non-significant, p = 0.175) than that seen after tMCAO ( Figure 2 ).
The size (area/territory) of the MCA, ACA and PCA trees vary modestly in mice with differences in genetic background [24] . Since collateral number and infarct volume after pMCAO necessarily vary with the size of the MCA tree [22] , we measured the territory of the MCA, ACA and PCA trees in the above strains (mean percent of total area ± SEM): C57BL/6 (n = 11): 51 ± 1, 36 ± 1, 13 ± 1; BALB/cBy (n = 10): 50 ± 1, 37 ± 2, 14 ± 1; Rabep2 −/− (n = 9): 53 ± 1, 35 ± 1, 13 ± 1; Cng-B6 (n = 9): 50 ± 1, 37 ± 1, 13 ± 1. The above values for C57BL/6 versus BALB/cBy were not significantly different, as reported previously [24] , nor were values for C57BL/6 versus Rabep2 −/− or BALB/cBy versus Cng-B6. These findings are consistent with absence of a difference in body weight (see Materials and Methods), and thus predictably brain weight, for these same strain-comparisons [6] . As mentioned in Methods, we did not examine sufficient n-sizes to differentiate between sexes because we previously reported that pial collateral number and diameter did not differ with sex for the above strains [30] . Nevertheless, Figure 3 is provided and shows that no significant sex differences were detected (2-sided t-tests) except for males being slightly smaller in one comparison. However, all of the n-sizes were too small for reliable infarct volume comparisons, including the one that was p < 0.05, based on our previous studies.
DISCUSSION
The aims of this study were two-fold: First, to devise a method for use in mice that allows transient ligation at the same site on the distal M1-MCA where permanent MCAO is commonly performed. Second, to test the hypotheses that mice with more abundant collaterals have larger penumbra and smaller infarct volumes following tMCAO compared to pMCAO, and that tMCAO results in larger penumbra and smaller infarct volumes compared to pMCAO for a given collateral extent. Our findings provide support for these hypotheses. However they also indicate that, depending on genetic background, variation in factors in addition to collaterals can augment or diminish their protective effect. Although the results are not altogether unexpected, the recent availability of mice with targeted mutations that result in differences in collateral number and diameter present on the same genetic background provided the first opportunity to test these predictions.
The level of collateral blood flow following MCA occlusion is dependent on the hemodynamic parameters specified in the Hagen-Poiseuille equation when viewed as operating in series across the ACA/PCA trees, intervening collateral network, and obstructed territory of the MCA tree. Regarding these and other determinants of collateral flow, C57BL/6 and BALB/cBy mice have large differences in collateral number and diameter ( Figure 2 ) but no differences in collateral length, tortuosity, hematocrit (the primary determinant of blood viscosity), arterial pressure, body weight, brain weight, or average territory of their MCA, ACA and PCA trees [6, 24, 34, 35] . Neither did arterial pressure, blood gases and pH differ after pM1-MCAO [36] . Body weight and tree territory obtained in the present study also did not differ between Rabep2 −/− and Cng-B6 mice or when compared to their above wildtype strains, in agreement with a previous study that compared C57BL/6, Rabep2 −/− and BALB/cBy [6] , nor is hematocrit altered in Rabep2 −/− mice (unpublished results). These data, those in Figure 2 , and the position of the collateral network as a large series-resistor between the ACA/PCA and MCA trees in the setting of MCAO, strongly support the conclusion that the genetic differences in collateral abundance in the above strains are primary determinants of their differences in infarct volume after MCAO.
Based on hemodynamic principles, collateral blood flow is in addition to the above also dependent on microvascular resistance in the obstructed tree downstream from the collaterals and changes in it that occur with time after pMCAO and following reperfusion after tMCAO. Although less significant, collateral flow can also be anticipated to be affected by changes in resistance in the trees upstream of the collateral network. A number of mechanisms are activated following MCAO that are capable of changing resistance in the MCA tree ("downstream mechanisms"), including autoregulatory vasodilation, endothelial cell activation, leukocyte and platelet activation and adhesion, hemostatic and rheologic changes, and extravascular compression from edema if present [3, [17] [18] [19] [20] [21] [22] [23] [37] [38] [39] [40] [41] . Several of these mechanisms may also occur in or affect the collateral vessels themselves, although this question has not been investigated. Unfortunately, measuring dynamic changes in the above mechanisms in the setting of abundant versus sparse anatomic collaterals during the progression of stroke following transient and permanent occlusion is difficult, resulting in a gap in our understanding.
In the present study, wildtype C57BL/6 mice with abundant collaterals sustained small infarctions after 90 min of tMCAO that doubled in size after pMCAO, whereas C57BL/6-Rabep2 knockout mice with reduced collaterals had 4-fold larger infarctions than wildtype mice following tMCAO that increased less (43 versus 105 percent) following pMCAO (Figure 2) . These results are consistent with the ability of robust collateral flow to minimize early infarct core and sustain significant penumbra tissue, and visa-versa when collateral extent is reduced. However, the absolute difference in infarct volume between pMCAO and tMCAO was not larger in Rabep2 −/− mice than WT mice despite their lower collateral extent. We speculate on two processes favored by the larger infarctions in the Rabep2 −/− mice that may contribute to this unexpected outcome: (1) A shift during MCAO in perfusion within the capillary plexus in the watershed area, which is shared anatomically by the three trees at baseline [42] , due to the lower pressures in the MCA and its venous outflow pathways, resulting in retrograde perfusion of the outermost region of the MCA territory. That is, a shift in the functional watershed line between the three trees toward the MCA tree caused by "co-option" of the portion of the capillary plexus that normally receives orthograde perfusion from the MCA. And (2) diffusion of oxygen to the MCA territory from the outer territories of the ACA and PCA trees. These processes would not be active in the C57BL/6 wildtype mice (and Cng-B6, discussed below), given their abundant collaterals and small infarct cores located well away from watershed zone.
Both expected and unexpected findings were also evident for mice on the BALB/cBy background. Infarct volumes after tMCAO and pMCAO were larger in BALB/cBy wildtype mice and increased less (62 versus 105 percent) than C57BL/6 mice, as expected given their lower collateral extent. However, despite their poor collaterals, post-occlusion infarct volumes in BALB/cBy mice were not greater than Rabep2 −/− mice and their volumedifference between tMCAO and pMCAO, as an indicator of penumbra volume, was similar to C57BL/6 wildtype and Rabep2 −/− mice. One interpretation of this finding is that the BALB/cBy strain harbors a protective genetic variant(s) involved in one or more of the "downstream mechanisms" mentioned above. In support, BALB/c mice evidence less induction of inflammatory markers and neuronal cell loss during hypoxia and other types of stress, compared to C57BL/6 mice ( [43, 44] and references therein). Such a difference could add to the contributions of capillary co-option and oxygen diffusion described above that are favored by the larger infarctions in the Rabep2 −/− and BALB/cBy strains. Also, BALB/cBy mice average one collateral between the PCA and MCA trees (C57BL/6 average four, unpublished), which were not quantified in this study due to their out-of-focus location adjacent to the transverse sinus.
Infarct volumes after tMCAO and pMCAO were smaller in Cng-B6 mice than their BALB/cBy wildtype strain, as expected given their increased collateral extent. However, despite the much more abundant collaterals in Cng-B6, their increase in infarct volume after pMCAO versus after tMCAO was less (26%), rather than more, than that seen in BALB/cBy wildtype mice (62%). These and the other unexpected results discussed above suggest that, while the overall findings in Figure 2 indicate that genetic-dependent differences in collateral abundance are major contributors to differences in penumbra and stroke volumes, genetic variation in downstream mechanisms likely also contribute to the pace and severity of infarct progression. This conclusion is also supported by the similar infarct volumes after tMCAO and pMCAO in Rabep2 −/− and BALB/cBy wildtype mice despite the much smaller collateral number in the latter strain.
A limitation of our study is that we did not assess blood flow and other parameters (e.g., protein synthesis, energy metabolism, apoptosis) in different regions of the MCA territory after pMCAO that are required to measure penumbra volume directly [3, 23, [37] [38] [39] [40] [41] [42] [43] [44] [45] . Nor did we examine them for the potential interplay, upon reversal of occlusion, between orthograde flow and collateral-dependent retrograde flow and the reperfusion injury mechanisms that follow and increase final infarct volume. Instead, we measured the difference in 24-h infarct volume after pMCAO versus 90 min after tMCAO as a rough proxy for evolution of penumbra and core volumes [5] . Although methods required to measure the above parameters are difficult to perform in mice, such studies are needed to examine the interactions among collaterals and downstream mechanisms that govern the volume of salvageable penumbra and irreversibly injured core that both evolve during the progression from the acute to the subacute phase of stroke. Infarct volume was measured 24 h after MCAO because this time-point is commonly used in rodent studies to capture the majority of infarct progression. However, additional progression may have been evident at a later time-point. Collateral diameter averaged 23, 13, 10 and 18 microns in, respectively, C57BL6/6-WT, Rabep2 −/− , BALB/cBy-WT and CngB6 mice that did not receive MCAO ( Figure 2 ), in agreement with values previously reported for them [29] . These differences in baseline diameters could affect the percent changes in infarct volume between tMCAO and pMCAO that were determined at 24 h, since outward remodeling of collateral diameter after pMCAO may differ depending on diameter at baseline. However, a previous time-course analysis of C57BL/6 and BALB/cBy mice [24] , whose baseline diameters bracket those in the Rabep2 and CngB6 strains (Figure 2 ), found that maximal remodeling was achieved between 3 and 6 days after pMCAO, with curves projecting little remodeling at 24 h (18 rather than 24 h was the first time point measured).
CONCLUSION
We present a method for reversible occlusion of the distal M1-MCA in mice at the same site where permanent ligation is commonly performed. This method has several advantages that facilitate the study of penumbra volume and core progression with and without reperfusion, as well as mechanisms of neuroprotection and candidate therapies. Our findings confirm the expected effect of variation in collateral abundance on infarct volume following transient versus permanent occlusion and, subject to the above-mentioned limitations, on relative penumbra volume as estimated by their difference. However, our results also suggest that other factors in addition to collaterals involved in the complex pathophysiology of stroke also vary with genetic background and aid or abet the neuroprotection afforded by collateral blood flow-findings that further add to the challenge of understanding and treating stroke. 
